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Abstract. The strong interaction shi€> and broadening’> in pionic deuterium have been remeasured with
high statistics by means of ta®(3p— 1s) X-ray transition using the cyclotron trap and a high-resolution crystal
spectrometer. Preliminary results afg = (-2325+ 31) meV (repulsive) andfg’?(ll?lfig) meV which yields
for thexD scattering lengtl,p = [-(24.8+0.3) + i (6.3t§:31)] =103 m;1. From the imaginary part the threshold
parameter for pion production is determined tambe (252f151)yb.
1 Introduction order to the 1s-state shif{s and widthI';s by the Deser
formula[4]
The deuterium experimentis embedded in a series of mea- r 2032
surements [1-3] aiming at a precision determination of the €16 — | fis ey A+ ... (1)
pion-nucleon scattering length comprising 2 hc
_ pionic hydrogenH), Ellipsis stand for corrections to the Deser formula because
_ pionic deuterium#D), a,p is determined from a Coulo_mb bound state_ [5].
— muonic hydrogenyH), and In 7H, the ground-state shift and broadening may be

— the characterisation of the Bragg crystal spectrometerrelated to therN isoscalar and isovector scattering lengths

. . + -
using narrow X-ray lines from few-electron atoms pro- & anda- by
duced by means of an electron-cyclotron resonance trap

(ECRIT). M ocarpnp —a+a +
I o (@ pomon)’ = 2@)° + . )

In this contribution, first results of theD measurement are

presented. In this casel” « a® because the hadronic broadening is

due to a scattering process — the charge-exchange reaction

7~ p — 7°n[6]. The corrections here have been calculated
2 Strong-interaction effects in various approaches and amount up to a few per cent of
the leading contribution and include to some extent already
electromagnetic and strong isospin-breaking terms [7—12].

In the case ofD, the real parfR a,p of the scattering

length, being proportional to the hadronic sla{ﬁ, maybe
written by regarding the deuteron as a free proton and neu-
tron as leading order and then applying additional correc-
tions. One may write

The complex pion-nucleus scattering length of a pionic
atom formed with a nucleus(Z, N) is related in leading
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whereellipsis stand for the higher order terms from mul- absorption by
tiple scattering (depending also ah anda™), absorptive Y2
and possibly electromagnetic and strong isospin-breaking Frod _ 2 ) Pp . & v (5)
corrections. The second order correction is dominated by S I PP
SO . . .
(a”)° being comparable in magnitude to the leading order with p;, andp; being final state center-of-mass (CMS) mo-

term [13, 14] because of the smalinessabfas required menta[32]. Neglecting Coulomb and isospin breaking cor-
by chiral symmetry [15, 16]. The nuclear structure is taken . - 1Veg 9 P 9
rections, which are assumed to be at most a few per cent[39],

into account by folding with the deuteron wave function. . .
o ) ) ) ) charge symmetry requires equal strength for the transitions
The pionic deuterium shift provides a constraintonthe ;-4 —, pnands*d — pp.

N scattering lengtha™ anda". Its quality decisively de- Combining optical theorem, charge invariance, detailed
pends on the precision of the data trips&X e

H . . . .
_ _ I 1s11¢): for  palance and inserting the parametrisation ofipe— *d
which a first set of precision data has been obtained in ¢yoss section (4), the imaginary part of trel — nn scat-

the last decade [17-20]. Vice versa, starting from the el- ering |ength is related to the threshold parametby
ementary pion-nucleon processes and involving properly

nuclear structure, multiple scattering, and absorptive phe- San = (1 1 .Ja. 6
nomena, the hadronic s-level shift of th® system must o = (1+ S’) T d—m ©
be calculable unambiguously [21-31]. 1 p_,*T

The forthcoming results forH from this measurement =@+ S/ gy Imdom
series will improve the constraint[12], in particular by a 11 (pE)Z
better determination of the hadronic broadeninghh(3]. =1+ §)' e @ (1)
Finally, the accuracy foa* will be determined mainly by w M
the poorly known low-energy constafit[12]. The factor (1+ 1/S’) corrects for the non true absorption
SecondlyzD gives access to pion absorption and pro- channels. _ o _ _
ductionNN < NNz at threshold [32]. The hadronic broad- For comparison of p|i)n|c-atom ando pion-production
eningl72 mainly is due to true absorption{d — nn) be- data, the channelsp — z*d andnp — 7°d can be used

ing the inverse and charge symmetric reaction of pion pro- P€cause in the limit of charge independence g, , o4 =
duction (p — #*d) — in contrast torH where the widthis ~ pp— r+d- Restricting to s waves, in both reactions the same

exclusively due to charge-exchange and radiative capture. transition of the nucleon patSy(I = 0) —° P4(l = 1) oc-

The relative strength of true absorption to radiative cap- curs which corresponds also to pion absorption at rest on

ture rd — nny) was measured t6 — % — 2834 the deuteron’s isospin 0 nucleon-nucleon pair.

0.04[33], and the branching ratio of internal pair conver-
sion (r—d — nne*e”) and charge exchanged — nnz°)
was found to be 0.7% [34] and46+ 0.19- 104 [35], re-
spectively. Hence, the relative strength of the true abSOfp-After pion Capture in hydrogen isotopes' a quantum cas-
tion channel to all other processes is obtainedsto= cade starts from main quantum numbers at alouit16.
nn/(nny + nne*e” + nnz°%) = 2.76+ 0.04, i.e., about B  The upper and medium part of the de-excitation cascade is
of the hadronic width and with that of the imaginary part dominated by collisional processes (Stark mixing, external
Ja,p is related to the processd — nn, which can be  Auger dfect, Coulomb de-excitation). In the lower part X-

3 Atomic cascade

linked with pion production. radiation becomes more and more important (Fig. 1) [40—
Pion production at low energies is usually parametrised 42]. Besides radiative de-excitation by X-ray emission all
by [36] cascade processes depend on the environment, e.g., the

5 > 3 density of the target gas.
Tpps r+d = @Conp + BCIIT + ... (4) Stark mixing essentially determines the X-ray yields

. ~_inexotic hydrogen. Because these systems are electrically
wheren = p;/M; is the reduced momentum of the pionin  neutral and small on the atomic scale, they penetrate sur-
therd rest frame. For; — 0 higher partial wavess( ...) rounding atoms and, thus, experience a strong Coulomb
vanish and only the threshold parameterontributes rep-  field. Non-vanishing matrix elementslm | E | nl’'n7) in
resenting pure s-wave production. The correction factorsthe presence of the electric field mix atomic states of the
Ci take into account the Coulomb |nteraCt|@g. is of the same princip|e quantum nummaccording to the selec-
order of 30%([37,38] and an important source of uncer- tion rules4l = +1 and4m = 0[43]. An induced s state,
tainty in the determination af from cross-section data. from where pions disapper by nuclear reactionS, leads to a

Another approach to determimeis to exploit thexD depletion of the cascade. The Stark mixing rate is propor-
ground state broadening where uncertainties stemming frortional to the number of collisions during the exotic atom’s
Coulomb correction factors and normalisation of cross sec-life time and explains the strong decrease of the X-ray
tions are avoided. To derive the relation betweeand yields with increasing target density [40].

Ja,p as obtained from pionic deuterium, purely hadronic In the case of Coulomb de-excitation, the energy re-
(non-experimental) cross sectiomsafe introduced to cir-  lease of the de-excitation step is converted into kinetic en-
cumvent the problem of diverging Coulomb cross section ergy of the collision partners[44]. For lower-lying tran-

at threshold. Detailed balance relates pion production andsitions a significant energy gain occurs which leads to
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a Doppler broadening of subsequent X-ray transitions.  “*T[|

Doppler broadening was directly observed first in the
time-of-flight spectra of monoenergetic neutrons from the 0.5 (TTD) 3
charge exchange reaction at resp — 7°n[45, 46].

A dedicated measurement of thid(3p— 1s) transition
has been performed within this series of experiments[47].
In uH, where no hadronic broadening occurs, only the
Doppler broadening exclusively from acceleratidfeets
during the atomic cascade contributes and was directly ob-
served as a significantly increased line width. The data =
were used — among others — to confirm that the methods 65 54 H

- 6-4

p

0.003 4

4-3
0.002 4

probability density /eV !

5-3
used to quantify the corrections to the line width in pionic 6-3
hydrogen and deuterium arefBaiently well defined [3]. 3 » 0 0 8 1w w10
Details may be found elsewhere [48]. E/eV

The acceleration due to Coulomb de-excitationis coun- gjg 3. prediction for the kinetic energy distribution of tied
teracted by elastic and inelastic scattering. This leads to aatomat the instant of (B - 1s) transition scaled to the kinemat-
rather complex velocity distribution with tails below the ics of thexD system for a density of 10 bar equivalent. For the
peaks caused by the Coulomb transitions which are at 12 analysis, the distribution was tentatively approximated by a box
20, 38, and 81 eV for then = 1 transitions (% 6), (6—5), describing the low-energy component and a second one for the
(5-4), and (4- 3), respectively. high-energy component around 80eV. The low-energy compo-

Cascade calculations have been extended to follow thenent reaching 0.55 dominates the distribution (note the broken
development of the velocity during the de-excitation cas- Vertical scale).
cade and, therefore, predict kinetic energy distributions at

the time of X-ray emission from a specific level (extended o

standard cascade model ESCM [42]). Calculations exist ENErgy distribution is modeleq_by boxes around the peaks
at present only for muonic and pionic hydrogen. Figure 2 generated bY COUIme transitions. .One appyoagh as used
shows such a prediction fatH where energies have been in the analysis of this experiment s included in I_:|gu_re2.
scaled to therD case. It turned out in the analysis of the In the case of exotlc_h_ydrog_en, Auger emission is only
4H(3p - 1s) line shape that the first ESCM predictions possible during the collision W|ﬂ_1 other target atoms (ex-
could not describe the measured spectrum [47]. Therefore [€7Nal Auger efict). Auger transitions prefer de-excitation

a model independent approach was used to extract the relStePs as small as possible given that the energy gain ex-

ative strength of Doppler contributions directly from the ceeds thg bi_nding energy of the e_Iectron. Consequently,
; irst iffuger emission contributes mainly in the range 6 - 10

and4n = 1 transitions are favored [40,42]. Due to the mass
difference, Doppler broadening from recoil is negligibly
small compared to the one caused by Coulomb transitions.
It is known from muon-catalysed fusion experiments
that duringuH + H; collisions metastable hybrid molecules
T are formed like [ppu)p]ee [49,50]. An analogue process
: is expected imtD + D, collisions, Such complex’ are as-

the neutron time-of-flight analysis [46]. Here, the kinetic
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- sumed to stabilise non radiatively by Auger emission. How-
. /— /7—/+” ever, radiative decay out of molecular states has been dis
cussed, and its probability is predicted to increase with nu-
clear mass [49-52]. Possible X-ray transitions from molec-
Wi, ular states would falsify the value for the hadronic shift de-
[y X-radiation termined from the measured X-ray energy. As molecular
el I+ formation is collision induced, the fraction of molecules
,“77/%{‘// formed and the corresponding X-ray rate should depend

/ on the target density. Therefore, a possiblity to identify
such radiative contributions is a measurement of the X-
ray energy at three flferent densities (3.3, 10, and 17.5bar
equivalent density in this experiment).

%

~

w

4 Experiment

The experiment was performed at thE5 channel of the
Fig. 1. De-excitation cascade in pionic deuterium. The hadronic proton accelerator at PSI which provides a low-energy pion
shift is defined taeis = Eexp — Eqep, I €., @ negative sign asisthe  beam with intensities of up to a few 8 (Fig.3). Pi-
case inrD corresponds to a repulsive interaction. ons of 112 MeV¢ were injected into the cyclotron trap
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about 23 of the intensity of the reflection is covered by
the height of the array. The detector surface was oriented
perpendicular to the direction crystal — detector.

The CCDs’ depletion depth of about gth yields an
optimum quantum efiency in the 3-4 keV range. A pixel
size of 4Qum provides a two-dimensional position resolu-
tion suficient to measure precisely the shape of tHigrai-
tion image. The relative orientation of the individual CCDs
as well as the exact pixel size was obtained by means of
an optical measurement using a nanometric grid [56]. The
CCDs are operated at a temperature d0C°C.

X-ray energies of the ground-state transitions in muonic
and pionic hydrogen isotopes are in the few keV range,
where no narrow lines of suficient intensity are available
to be used to determine precisely the function of a low-
energy crystal spectrometer. However, from highly stripped
atoms produced in an electron-cyclotron resonance trap

Fig. 3. Setup of therD experiment in therES area at the Paul  (ECRIT) narrow X-ray lines are emitted at high rate.
Scherrer Insitut (PSI). The roof of the concrete shielding is omit- The spectrometer response was measured using the nar-
ted tp show the vacuum system connecting the cyclotron trap (up-rfow M1 X-ray line from helium-like argon of 3.104 keV as
per right), crystal chamber (upper left) and the cryostat of the X- described in[57,58] yielding a resolution of 488 meV
ray detector (bottom left). (FWHM) when scaled to the energy of th®(3p — 19)
transition of 3.075keV. This value is close to the intrin-
sic resolution of 403 3 meV given by the rocking curve
[I1] and decelerated using a set of degraders optimizedwidth as calculated for an ideal flat crystal with the code
to the number of pion stops in a cylindrical cryogenic tar- XOP [59].
get cell of 22cm length and 5 cm in diameter in the center  The response is constructed from the intrinsic proper-
of the trap. The cell was filled with deuterium gas cooled ties of the Si (111) material as calculated from the dynami-
by means of a cold finger. About 0.5% of the incoming cal diffraction theory with the code XOP [59]. The rocking

pions per bar equivalent pressure are stoppdbigas. X-  curve is then convoluted with the experiment geometry by
radiation could exit the target cell axially through arh means of a Monte-Carlo ray-tracing code (Fig. 4). Devi-
thick mylaf® window. The window foil is supported by  ations from this ideal response are introduced by convo-
horizontal aluminum bars. luting with an additional Gaussian contribution which was

The Johann-type Bragg spectrometer was equipped witlletermined from the measurement of tié transition in
a spherically bent Si crystal cut parallel to the (111) plane helium-like argon.
having a radius of curvature & = 29822+ 0.3mm. The In the Johann set-up the energy calibration must be
reflecting area of the crystal having 10 cm in diameter was provided by a reference line of known energy. In order to
restricted by a circular aperture to 95mm in diameter to ayoid any mechanical changes, only X-rays having about

avoid edge eécts and to 60 mm horizontally to keep the the same Bragg angles are suitable for precision measure-
Johann broadening small [53,54].

Such a spectrometer is able to measure simultaneously
an energy interval according to the width of the X-ray b 08
source when using a correspondingly extended X-ray de-

. . ! . . 0.7 XOP -
tector. Being a pixel device, CCDs are ideally suited for X- Si 111 full response
rays in the few keV range because they combine an intrin- o6 @p=40°
sic position resolution with the good energy resolution of s 3.075 keV

semiconductor detectors. In addition, the granularity of the
CCDs allows for éicient background rejection by means o4
of pattern recognition (cluster analysis). Photo electrons
from few-keV X-ray conversion are stopped within a few %3
micrometer and, therefore, deposit charge in one or two ,
pixels with a common boundary. Beam induced background,
mainly high energy photons from neutrons produced in o1
nuclear pion absorption and captured by surrounding nu- \ ~—~

AE yp =(43613)meV

clei, leads to larger structures. Together with the massive s0 50 50 50 60 610 60 630 640

concrete shielding (Fig. 3) such events affecently sup- x/channels

pressed (Fig. 5). Fig. 4. Transformation of the intrinsic resolution of the Si (111)
In this experiment, a 2 array of charge-coupled de- reflection from a flat crystal by folding with the experiment

vices (CCDs) was used covering in total 72 mm in height geometry and an additional Gaussian describing an imperfect

and 48 mm in width [55]. Monte Carlo studies show that mounting.

03006-p.4
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merts. The best angular matching for thie(3p— 1s) mea-
surement was found for the galliumuluorescence lines.

For energy calibration, the Gaad transition (9224.484 400 mD(3p-1s)
0.027 eV [60]) was chosen because of the smaller experi- 3.075 keV
mental uncertainty. The energy of thB(3p — 19) line is , 30 L

obtained by the angular distance to the Ga reference line toc CCD 1 hit pixel

be calculated from the positionftBrence of the reflections 3 | 35% of stafistics

on the detector and the distance crystal — detector.
The fluorescence target itself was made of aZBmn?
GaAs plate mounted in the rear part of the gas cell but out- '®

200

side the pion stop volume at 82 mnff the center of the .M\J.
cyclotron trap and away from the crystal. The X-rays were ™ e e TN
excited by means of an X-ray tube mounted on a window ADC/channels

of the cyclotron trap chamber below the gas cell. The value _ _ _
for the tabulated Ga & energies [60] was obtained from Fig. 5. Background suppression achieved by the cluster analysis
measurement also using the compound GaAs [61]. There-0f thesD raw data.

fore, a possible chemical shift must not be considered.

The distance center of the crystal to center of the cy- 487780 were obtained for theD(3p — 19) line at the
clotron trap was 2100mm being about 10% outside the equivalent densities of 3.3, 10, and 17.5 bar, respectively.
Rowland circle fulfilling the focal conditioR- sin@g. The In the case of the Ga calibration line, compact clusters
advantage placing the X-ray sourcf the focal position  up to size 9 were accepted. Because of the larger penetra-
is that one averages over non uniformities of the target. tion depth (5 and 106m for 3.075 and 9.224keV in sil-
Both GaAs and, target are large enough that no cuts in icon [63], respectively), X-rays also convert at the bound-
the tails of the reflection occur. The distance crystal — de- ary of the depletion region where chargdfgsion is al-
tector, chosen close to the assumdéfocal length, was  ready significant. As the calibration measurements were
determined to yp = 19181 + 0.5mm by a survey mea- performed without pion beam, the number of background
surement. events is negligibly small and, hence, no suppression algo-

Alternating measurements of the Ga fluorescence ra-rithm is necessary to clean the Ga spectra.
diation and therD line were performed at least once per The resulting hit pattern shows curved reflections on
day (Fig. 7). The Ga fluorescence X-rays together with two the CCD surface. The curvature is corrected for by means
inclinometers mounted at the crystal and detector cham-of a parabola fit (Fig. 6) before projecting onto the axis of
bers were used to monitor the stability of the line posi- dispersion, which is equivalent to an energy axis.
tion. Details on the experimental setup maybe found else-
where [62].

18001 -

1600 1

5 Analysis [t

1200755070

The X-ray detector raw data are made available as the dig- £ 107 . .

italised charge contents and a position index of the pixel.

At first, the cluster analysis is performed. As expected, at

3.1keV only single £ 75%) or two pixel eventsx25%) L

contribute. Hot and defect pixels are masked by software. 407 -~.° .- " - -,

The cluster analysed charge (ADC) spectra of the CCDs  200{ . -7~ - :"

show a pronounced peak originating frab X-rays on a o] L

largely suppressed background (Fig. 5). For each CCD, an 700 750

individual energy calibration was performed because of the

different gain and noise behaviour. The energy resolutionFig. 6. zD(3p — 19) reflection after correction for curvature. The

in terms of charge is determined by means of a Gaussianoriginal curvature is indicated by the parabola in the scatter-

fit. plot of the already corrected data. One channel (pixel) in the di-
Applying an energy cut in the ADC spectra, an addi- rection of dispersionx) corresponds in first order reflection to

tional background reduction is achieved. Several ADC cuts 76.402:0.001 meV.

with a width of 1o to 4o of the respective Gaussian width

were used to study the influence of peak-to-background on

the result for the hadronic broadening. The minimum rel-

ative statistical error is achieved for a cut of 2.6f the 5.1 Energy calibration

detector’s (charge) resolution. With this energy cut, from

fits to the position spectra (similar to the one shown in Fig- The position of the Ga I, calibration line was determined

ure 7 — bottom) count rates of 14489, 401Q-74, and applying a single Voigt profile in the fit. The same proce-

8004 R

y/channels

60077~

800 850 900 950
x/channels
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dure vas used for the tabulated values of the GaXray to + 11 meV. The largest contribution to the error stems

energies[61]. from the uncertainty of the energy of the GaKline of
The 7D line was modeled both with a Voigt profile, *27 meV. For the transition energy, we find

where Doppler broadening and response function are ap- Ep@p.19 = 3075583+ 0.030 eV, @)

proximated by a single Gaussian, and secondly, the true

response as determined from the ECRIT data convoluted

with the imaging properties and including the Doppler con- 5.2 |ine width

tributions from Coulomb de-excitation (Fig. 7). Both meth-

ods yield the same position value within a few hundreds of To the line shape contribute the response of the spectrome-

a pixel. ter, the Doppler broadening from Coulomb transitions, and
A significant correction to the Bragg angle is the in- the natural line width of therD(3p - 1s) transition. The

dex of refraction shift[59] because th® and the Ga i& natural line width is given by the Wldth of the 1s state of

line is measured in first and third order, respectively. In ad- @bout 1 eV because nuclear reactions from the 3p level are

dition, bending and penetration correction due to the sub-Negligible and the radiative width is 2@V. _

stantially dfferent energy must be considered. Mechani-  The model free approach to identify possible Doppler

cal shifts from temperature and vibrations are corrected bycontributions uses narrow boxes of e few eV width around
means of the inclinometer data. the kinetic energies as suggested by the energy release of

Coulomb transitions. Following the experience from the
analysis of thetH(3p — 19) line shape, one tries to identify
consecutively individual contributions starting with only
one contribution of the lowest possible energy, which cor-
responds taD systems not accelerated or moderated down
by collisions to energies of a few eV or below. It is suf-
ficient to approximate the various kinetic energy compo-
nents by box-like distributions as shown in the analysis of
theuH experiment.

A x? analysis, done by means of the MINUIT pack-
age [64], shows that a low-energy contribution is manda-
tory. It was found that the kinetic energy must not exceed
8 eV, a result found independently for taken at 10 bar and
the 17.5bar equivalent density (Fig. 8). The result for the
natural line widthI"is turned out to be insensitive to the
upper boundary of the low-energy box for values eV.
Therefore, the low-energy component was fixed to a width
of 2 eV in the further analysis.

‘ ‘ : ‘ Noteworthy to mention that the ESCM prediction for
700 750 o /channel 0 900 950 the kinetic energy distribution forH(3p — 1s) case scaled
‘ ‘ ‘ ‘ ‘ ‘ to D kinematics (Fig. 2) is unable to reproduce #i¥3p—
B O 1s) line shape because of rather strong contributionsef (4
350 3) and (5-3) Coulomb transitions. Searches for any higher
energy contributions failed even when using the sum spec-
2| 7D(3p-1s) w trum of the two measurements at 10 and 17.5bar. This re-
(10420 bar) ! ﬂ si (1) sult is rather surprising because also the first analyses of
2507 ; i 0p=40" the new pionic hydrogen data show that at least one high-

In total, a systematic error of 8 meV was deduced
for the measurement of thed(3p — 1s) energy. The com-
bined statistical error obtained as weighted average from
the data taken at the threefeérentD, densities amounts

35001

Ga Ko
(GaAs)

30001 St (333)
25001 ®p=40"

2000 KO(]

counts

15004

1000+

500

energy component must be assumed to describe the line
é ] data } ! M shape of theaH (4-1), (3—-1), and (2-1) transitions [3, 65].
8 1504 fit e H% : Though a significantly better description of flid(3p—1s)
response M line shape could be achieved after a recalculation of colli-
sion cross sections [47,66—68], there is no explanation for

LM M\ the absense of any high-energy componentfin
501 / WM It has been studied in detail by Monte Carlo which

w“hW“‘MW‘,.MW“H“ | WWWWM o magnitude of high-energy energy components maybe

%00 750 800 850 900 950 missed with the statistics achieved in this xperiment. The

‘ x/channels ‘ probability to miss a high-energy component around 80 eV

3070 en:‘:"‘ /v 3080 (box 2) corresponding to the (43) Coulomb transition is

9. displayed in Figure 9. For each set of conditions 400 simu-
Fig. 7. Ga Ka, calibration line andrD(3p — 19) transition mea-  lations were performed. It can be seen, that a high-energy

sured at an equivalent density of 10bar. The narrow structure contribution of 25% or larger can hardly be missed. For
shown inside therD line represents the resolution of the crystal 10% relative intensity, the chance is about 15% which cor-
spectrometer. responds to aboutol with respect to the full probability

03006-p.6



19" International IUPAP Conference on Few-Body Problems in Physics

499

1083

-1 1082
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1081

1080
2

width box 1/eV

Fig. 8. Search for evidence and width of the low-energy compo-
nentin the kinetic energy distribution. Diamonds (Igft scale)

are due to the 10 bar data. Squares (right scale) are from a simul-

tanuous fit to the two spectra taken at 10 and 17.5 bar.

distribution allowing a certain variety for the shape of the
box’ extension (Fig. 9).
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Fig. 9. Top: distributions of relative intensity found from a fit
with two boxes when a Doppler contribution of 10% and 25%

2 intensity) and the Lorentz width reflects the fluctua-
tions due to the limited statistics (Fig. 10).

MC input 10%

0.1 0.2

. . 0.3
relative intensity box 2

Fig. 10. Distributions of relative intensity of a Doppler box
arownd Ty, = 80 eV of 10% relative intensity versus the Lorentz
width I extracted from a set of 400 Monte-Carlo simulations per-
formed for the statistics of the sum of the 10 and 17.5 bar data.
The input value fodi” =1130eV.

6 Results

For extracting the hadronic shift, the pure electromag-
netic transition energy has been recalculated to & E
= 3077.9062+0.0079eV. The error of this calculation
is dominated by the uncertainty of the charged pion
mass (0.0077eV)[69] where the accuracy of deuteron
(0.0012eV) and pion radius (0.0010eV) contribute only
marginal. The numerical accuracy of this calculation is as-
sumed to be better than 1 meV [70].

Combining measured and calculated QED transition
energy, we obtain for the hadronic shift

e1s = — (2323« 31)meV. 9)
This result is compared to previous measurements in Fig-
ure11. Note that the new result for the electromagnetic
transition energy diers slightly from the values as used
in the previous experiments[18,19].

The hadronic broadening is mainly extracted from the
sum spectrum of the 10 bar and 17.5bar measurement us-
ing only a low-energy component for the kinetic energy
distribution because no density dependence is identified
within the experimental accuracy. The combined result

relative intensity, respectively, is assumed. The result is based on

400 Monte-Carlo simulations each performed for the statistics
of the sum of the 10 and 17.5bar data. Bottom: probability to

miss a Doppler contribution at 80 eV as a function of its relative
intensity.

Assuming weight zero for box2 results in an upper
limit for I'1s, and using the limit of sensitivity of 10% for
a second box yields a lower bound s (- A I'ys) ac-
cording to the above-mentioned- Zriterion (Fig. 9). The
distribution of the results for the weight a second box (box

+ 23

49 (20)

I'is= (1171

) meV.

is obtained by averaging according to the statistical weight.
It is in good agreement with the earlier measurements, but

is a factor of about 3 more precise (Fig. 12).

Evaluating the Deser formula, one obtains for the com-

plex scattering length

+0.1
-0.3

a5 =248+03-i6.2 1073yt

>

(11)
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Fig. 11. Experimental information on the hadronic shift in pionic

deuerium. The error of the individual measurements at 3.3, 10, Fig. 13. Threshold parameter for pion production in the reac-
and 17.5 bar and, therefore, also of the weighted average is domtion pp — dx*. Input in the Figure (from left to right) are from
inated by the uncertainty of the Ga Kenergy. The results from  previoustD experiments ([18, 19]), this experiment, pion produc-
the two previous experiments [18,19] are adjusted according totion and absorption cross sections ([71-74,74-77,79,80]), and a
the new values for the pure electromagnetic transition energies. selection of theoretical approaches ([36,81,37,82,83)).

1.5

of about 2 by a remeasurement using a double flat crystal
D spectrometer in case a significant theoretical progress re-
1.25 1.l quires further improvement. The new value for the shift is
T ‘ T $ J\ T significantly smaller £ 4%) than the results reported from

the two earlier precision measurements. About 40% of the
discrepancy is due to the new calculation of si{3p—1s)

o this work electromagnetic transition energy.

o this work = weighled average ‘ The theoretical understanding BN < NNz reac-

A previous measurements . i K . . = .
075 ‘ tion is continuously increasing. Within the approach of chi-

0 s o » ral perturbation theory a study of pion production includ-
ing the next-to-leading order (NLO) terms yield¥-© =
220ub[83,86] in good agreement with the pionic-deuter-

Fig. 12. Experimental information on the hadronic broadening jym result (Fig. 13). At NLO the theoretical uncertainty
in pionic deuterium. Data points of previous measurements arejg estimated to about 30%. It is expected to decrease be-
taken from [18] and [19]. low 10% within a few years from forthcoming NNLO cal-
culations [85]. Hence, the experimental accuracy of 4.2%
for the hadronic broadening irD reaches already the ex-
pected final uncertainty of the theoretical calculations.
Noteworthy, that at the 10% level no components from
45 ) . high-energy Coulomb transitions could be identified from
ub.

10 15
equivalent density/bar

and the value for the threshold parametederived from
thed a,p reads

a= (252_11 (12) the fit to the line shape.
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